Abstract-The features of interference striations excited by a passing ship are strongly determined by the acoustic waveguide properties. These striation position and orientation have been used for environmental inverse problems. The ship noise spectrogram can be very noisy due to measurement conditions, i.e., high ambient noise level or transmission loss noise. It is necessary to enhance the underlying interference structure before extracting the striation features of interest. A hybrid image processing method is introduced in this paper for interference structure enhancement. It first uses a Gabor filter bank to provide the local image intensity maximum value in different directions, and then locally equalizes the resulting image. Different ship noise data sets from different experiments are processed by the proposed method. Preliminary results demonstrate that the hybrid method can effectively identify striations in both low and high frequency regions, especially for the data set collected under particularly difficult measurement conditions due to strong current, surface wave, high ambient noise level, complex time-varying source spectrum, etc. Consequently, better estimates of the position and orientation of local striations can be obtained, which will likely improve the accuracy of striation-based inversion techniques.
I. INTRODUCTION
The broadband noise spectrogram of a passing ship usually exhibits an interference structure in the form of striations in the time-frequency (t-f ) plane. The features of these striation in term of location and orientation are strongly determined by the propagation waveguide. Theoretical and experimental studies have been conducted to investigate these striation features, and the waveguide invariant theory was developed to interpret the striation slope [1] . The waveguide invariant is often denoted as β and its value depends on the frequency band and environment properties. Such dependency has been applied in rapid sediment geoacoustic characterization [2] , source localization [3] - [5] and target recognition [6] .
Striation feature extraction is the primary operation for these acoustic applications on the basis of interference structure characteristics. Many image processing methods based on Radon transform [7] , Hough transform [4] , two-dimensional fast Fourier transform (FFT) [6] and local or global optimization method [8] , [9] have been used to process the interference structure mostly for striation slope estimation. A striation tracking algorithm for target recognition was also developed [10] .
In our previous research, a two-dimensional multi-scale line filter [12] was introduced for extracting local striation features, and used in an interferometry technique for sediment geoacoustic characterization [11] . The filter uses geometric information as a key criterion in identifying and isolating striations and therefore is less dependent on source characteristics. This advantage makes it favourable for striation structure extraction from broadband ship noise, whose spectral shape is usually non flat in frequency and its level is also time varying. Real data processing suggested that the inversion results could be more accurate if some form of image processing would specifically enhance the local features of interest, especially in the high frequency region. In this paper, a hybrid image processing method is introduced to enhance the interference characteristics. A Gabor filter bank [13] of 32 directions in the angle interval [0, π] first provides the maximum value of local image intensity among these directions, and the resulting image is then locally equalized.
Ship noise data sets respectively collected from different sea areas are processed. The first and second data sets were collected in the Mediterranean sea in 2007 and the third data set was recently collected offshore the Amazon Rio mouth in June 2012 [14] . These data sets are of different quality levels due to different waveguide propagation conditions, different size ships, etc. The first and second data sets are of good quality, whose interference structure can already be well distinguished from the spectrogram. This is in contrast to the third data set whose measurement conditions were was particularly difficult due to strong current, surface wave, high ambient noise level, complex time-varying source spectrum, etc. The processing results are compared to that of the multiline filter is made to test the performance and efficient of the hybrid method in striation structure processing, especially for hard sea measurement condition.
The following of the paper is organized as follows: Section II briefly reviews the striation physical characteristics. Hybrid striation processing method is presented in Sec. III. The experimental data description and striation processing results are given in Sec. IV. Conclusions are in Sec. V.
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II. ENVIRONMENTAL RELATED STRIATION

CHARACTERISTICS
For a hypothetical stratified waveguide E 0 , the scalar sound intensity I generated by an omni-directional point source of angular frequency ω at depth z 0 , received at range r and depth z can be expressed as a sum of propagation normal modes [15] 
where
, φ l and ξ l are the modal function and eigenvalue for the lth mode, respectively, ∆ξ l,m = ξ l − ξ m , and * denotes complex conjugate. Assume the scalar sound intensity I is kept constant with respect to small perturbations of frequency ω and environmental property E, that satisfies
Assuming the modal function changes much more slowly with frequency and environmental property than the phase, each environmental parameter is independent, the frequency shift caused by the perturbation of a specific environmental parameter ς, e.g., compression wave speed or sediment thickness) can be approximated as
In our previous research, we proved that at low frequencies the resulting shift of a striation location is almost linear with respect to an appropriate bottom model as in Eq. 3. Figure 1 is the simulated broadband spectrogram after filtering by the multi-line filter. The simulation is based on the Yellow Shark environment model [16] . In this environmental model, the relationship between low-frequency (below 150 Hz) striation shifts and sediment property perturbations was numerically interpreted. While the striations higher than 300 Hz show nonlinear change with respect to small sediment property perturbations. Based on these striation features, a two-step acoustic interferometry technique was proposed to predict the sediment property variations: First, the low-frequency striation position shifts are used to detect and provide a reliable estimation of sediment property changes with respect to a reference sediment. Then, the best-fit solution is found by refining previously obtained estimations from the Radon transform of a region of higher-frequency striations. This application requires that the low-frequency striations are well isolated and the high-frequency structure are well resolved. In our previous paper, a multi-scale line filter was adopted and demonstrated to be efficient in striation processing. Its output can be simply written as [12] V 0 = max
Frequency ( where ι min and ι max are the minimum and maximum of the scales between which relevant linear structures are investigated. The filter first uses an Hessian matrix to map the analysing area into an ellipse at different scales, whose semilengths are characterized by the Hessian matrix eigenvalues. Based on the eigenvalues, the ellipse eccentricity and signalto-noise ratio (SNR) of the analysing area are used for line structure detection. This acoustic interferometry technique was applied to the acoustic ship data collected southeast of the island of Elba in the Mediterranean Sea in 2007. Noise data from the four receivers of a shallow sparse vertical array were processed to estimate the thickness and compression wave speed of a soft clay layer overlying a harder bottom. The inverted results showed good agreement with that of former active inversion results and seismic profiles in the same area, demonstrating the reliability and accuracy of the method that only needs easily deployable receiver array.
Real data processing suggested that the inversion results could be more accurate if some form of image processing would specifically enhance the local features of interest, especially in the high frequency region. In this paper, a hybrid method for striation structure enhancement is introduced in the subsequent section for a better extraction of striation structure.
III. HYBRID IMAGE PROCESSING METHOD
The hybrid method introduced here is a combination of Gabor filter bank and local equalization. It first filters the 2D image by a Gabor filter bank then locally equalizes the resulting image.
In practical, a Gabor filter bank consists of different scaled and rotated Gabor filters, which are linear filters directly related to Gabor wavelets and often used for edge detection. The Gabor filter are usually designed for a number of dilations and rotations. However, due to the high computation of biorthogonal wavelets in expanding Gabor wavelets, the Gabor filter used here is defined by a kernel given by the equation.
g (x, y; λ, θ, ψ, σ, γ) = assdsdf sdf sdassdsdf sdf sdf f s (5)
λ is the wavelength of the sinusoidal factor, θ represents the orientation of the normal to Gabor function stripes, ψ is the phase offset, σ is the Gaussian envelope parameter, and γ specifies the ellipticity of the support of the Gabor function. They were experimentally chosen as λ = 5, θ = [0, π], ψ = 0, σ = 0.2, and γ = 0.02 for striation processing. The Gabor filter bank used here is designed by elongating the kernels in Eq. 6 with a 2D sigmoid of variable angle, that selectively enhances on specific directions given by the angle θ discretized in 32 steps in the range [0, π]. The filter bank can provide the local image intensity maximum value among these directions and is applied here to the modulus of the raw ship noise spectrogram. The output contains the detected edge information and the filter result is then locally equalized to enhance the global contrast of these edges, herein referred to as striation structure.
This equalization operation is a classical image processing method [17] typically used to increase the global contrast of many images types, especially when the image has a low contrast. Through this oeration, the pixel intensities can be better distributed and hopefully can make the low contrasted structure, here the striation structure, more visible. In order to enhance striation contrast in all areas of the spectrogram, the local version of the image equalization has been used, i.e., it is computed on a given neighborhood for each image pixel. This operation spreads out most frequent intensity values and ensures a locally maximum contrast.
The equalization operation has the advantage of being fairly straightforward. The calculation is not computationally intensive, since rank algorithm (from which the local equalization is a particular case) complexity can be limited to O(r) where r is the radius of the neighbourhood used [18] .
However, the method does not discriminate signal from noise. It may increase the contrast of background noise but may decrease the usable signal, producing unrealistic effects e.g., in photographs, like visible image gradient. This limitation can be mitigated by finding the best compromise between the extracted striation structure and Gabor element, e.g., λ. In other words, there is a trade-off between noise removal and high-frequency striation extraction.
IV. EXPERIMENTS AND DATA PROCESSING
A. Experiments description
The three ship noise data sets processed here were collected in different sea areas respectively in 2007 and 2012. The first two data sets were collected southeast of the island of Elba in the Mediterranean Sea in 2007, during the sea trials of the Maritime Rapid Environmental Assessment (MREA) [19] . Two different kinds of ship were used as source of opportunity, one is the His/Her Netherlands Majesty's Ship Snellius of the Royal Netherlands Navy (dataset denoted as S#2) and the other ship is the North Atlantic Treaty Organization research vessel Leonardo (dataset denoted as L#2). These two ships have different sizes and navigated with different speeds during the measurements. The third data set is collected offshore the Amazon River mouth in June 2012 [14] . The source ship is a small fishing boat (dataset denoted as F#11). The noisiest data set was selected here to investigate if the hybrid processing method can still work and perform better than the multi-scale line filter.
Estimated spectrogram of the three data sets are presented in Figs. 2(a) -(c) (Since our paper mainly focused on the striation structure, the physical meaning of the color scale for the plots is not important and therefore omitted). The first and second data sets have much better visible interference structure than that of F#11. The L#2 data set has been processed by an interferometry-based inversion technique to estimate the thickness and compression wave speed of a soft clay layer overlying a harder bottom [11] . The inverted results showed good agreement with former active inversion results [16] , [20] , [21] and seismic profiles in the same area [22] .
The L#2 data set processing results suggested that the inversion results could be more accurate if striation structure can be better resolved, especially for high-frequency region. A well extracted striation structure can also help to detect thin sediment layer. As in Ref. [11] , the dark lines in the spectrogram are also detected here, whose location and orientation are characterized by the waveguide properties.
B. Ship noise spectrogram processing for striation extraction
These three data sets are processed with the hybrid method with the steps as introduced in Sec. III. A Gabor filter bank is designed with 32 directions in the range interval of [0, π]. It first filters the noise spectrograms to provide the maximum response among these directions. The Gabor filter bank outputs are respectively given in Figs. 2(d)-(f) for the three data sets. The overall striation features can be observed from the filtered results for each data set. Due to deeper water depth (110 m) for the Mediterranean Sea experiment than the Amazon experiment (14-m water), also because of longer observation time and more favourable measurement conditions for L#2 and S#2, more striations appear in Figs. 2(d) and (e) than that in Fig. 2(f) , whose striation structure is hard to be recognized.
Figures 2(g)-(i) are the corresponding locally equalized version of Figs. 2(d)-(f) . Most striations are detected and resolved for both low and high frequencies and even some thin striations can be observed. By comparing to the original spectrogram in Figs. 2(a)-(c) , the interference structure is greatly enhanced, especially at higher frequencies above 400 Hz for all data sets.
To evaluate the performance of the hybrid method for interference structure processing compared to the previously A quick conclusion can be drawn directly from the above visual comparison. For high SNR data sets, the hybrid processing method does not bring significant enhancement of striation structure as compared to the previously used multiscale line filter. It is expected that the different processing methods can perform equivalently well on good quality data sets. But when applied to very noise data set F#11, which is normally the case for real measurements, the hybrid method can markedly enhance the interference structure and give well resolved and more continuous striations. Then the processing results demonstrate that the hybrid method is more robust than the multi-scale line filter for striation processing.
To see more clearly the hybrid method performance in extracting local striation structure which can be used to estimate the sediment geoacoustics [11] , its results (Figs. 3(a)-(c) ) are compared to the multi-line filter outputs (Figs. 3(d)-(f) ) for the same selected region of each spectrogram. For display purpose, the color scale is slightly adjusted and different from that of Fig. 2 . For the local striation structures of high SNR data sets L#2 and S#2, the two methods show almost the same striation structure in term of striation number and slope. However, the hybrid method gives more continuous striations, which should facilitate the tracking of specific striation for acoustic application, e.g., target recognition [10] .
The significant improvement in striation structure extraction of the hybrid method compared to the multi-scale line filter can be clearly seen in the results of very low SNR data F#11 as shown in Fig. 3(c) and Fig. 3(f) . From the multi-scale line filter output, it is difficulty to pick up the striations directly. While the main striation structure can be easily recognized from the hybrid method output. This comparison further demonstrates the robustness of the hybrid method in interference processing for striation structure enhancement from ship noise data even under difficult measurement conditions. The Hough transform [24] projects a line in a 2D image into the parameter space in the form of a peak, whose parameter values can be inversely to reconstructed these lines. In other words, the number of peaks and their corresponding parameter values are important characteristics that describe the striation structures for inverse problem. In previous work curved striations were extracted by a Radon transform [23] for sediment geoacoustic characterization [11] .
Figures 3(g)-(l) give the Hough transform results for selected local regions for the outputs of the two methods for different data sets. For all the data sets, the Hough transform gives almost the same peak number and energy distribution for the both image processing methods. The results of hybrid method gives more concentrated peaks than that of multi-scale line filter, suggesting the striations are better extracted.
Dashed lines in the original images (Figs. 3(a) -(f)) are reconstructed using the parameters of Hough transform maximum peak. For the high SNR data sets, the reconstructed lines comply well with the most salient striations in the original images, despite the reconstructed lines for data set L#2 matching a different striation. The Hough transforms are also very similar for data set F#11, however, when looking its extracted lines, it is difficult to recognize a line structure in Fig. 3(f) , while the hybrid method output in Fig. 3(c) gives more continuous and cleaner striations. The corresponding Hough transform results can be easily related to the five bright spots in Fig. 3(i) . While the bright spots in Fig. 3(l) can not be easily related to the striation segments in Fig. 3(f) , which mostly show water-drop shape rather than a line. In short word, the more continuous striations extracted by the hybrid method, especially for the noisy data set, can be expected to facilitate striation tracking based applications. The initial points of specific striations for a tracking algorithm, can be easily found using the Hough transform peaks.
V. CONCLUSION
The interference structures due to the noise of a surface passive ship are characterized by the waveguide properties and have been successfully used in inverse problems. A better estimation of the striation structure is likely to improve the accuracy of a striation-based inversion technique as previously developed [11] . A two-step hybrid image processing method is introduced in this paper for this purpose. It first uses a Gabor filter bank to provide maximum response of each pixel among these filters, then locally equalizes the filter bank output to emphasize the edge information. Three data sets collected under different measurement conditions were processed by the hybrid method and compared to that of previously used multi-scale line filter. The comparisons for both overall and local striation features demonstrate that the hybrid method is an efficient method for local striation structure extraction for both high and low SNR data sets and is more robust in difficult measurement conditions. Consequently, the hybrid method can be adopted in striation based applications to improve their accuracy and also applicability for very perturbed data sets, i.e., when the measurement conditions are poor due to a very high level of background and signal disturbance.
